Abstract Leaf rust caused by the fungus Puccinia triticina is one of the most important diseases of wheat (Triticum aestivum) worldwide. The use of resistant wheat cultivars is considered the most economical and environment-friendly approach in controlling the disease. The Lr38 gene, introgressed from Agropyron intermedium, confers a stable seedling and adult plant resistance against multiple isolates tested in Europe. In the present study, 94 F 2 plants resulting from a cross made between the resistant Thatcherderived near-isogenic line (NIL) RL6097, and the susceptible Ethiopian wheat cultivar Kubsa were used to map the Thatcher Lr38 locus in wheat using simple sequence repeat (SSR) markers. Out of 54 markers tested, 15 SSRs were polymorphic between the two parents and subsequently genotyped in the population. The P. triticina isolate DZ7-24 (race FGJTJ), discriminating Lr38 resistant and susceptible plants, was used to inoculate seedlings of the two parents and the segregating population. The SSR markers Xwmc773 and Xbarc273 Xanked the Lr38 locus at a distance of 6.1 and 7.9 cM, respectively, to the proximal end of wheat chromosome arm 6DL. The SSR markers Xcfd5 and Xcfd60 both Xanked the locus at a distance of 22.1 cM to the distal end of 6DL. In future, these SSR markers can be used by wheat breeders and pathologists for marker assisted selection (MAS) of Lr38-mediated leaf rust resistance in wheat.
Introduction
Leaf rust caused by the fungus Puccinia triticina Eriks. is considered as one of the most important foliar diseases of wheat (Triticum aestivum L.) worldwide. It occurs almost everywhere where wheat is grown (Dehne and Oerke 1998) and severe wheat yield losses due to damage by leaf rust can range from 30 to 50% (McIntosh et al. 1995) . The use of resistant wheat varieties is considered an economical and ecofriendly method of controlling the disease. So far, more than 50 leaf rust resistance genes have been described (McIntosh et al. 1995 (McIntosh et al. , 2005 . However, only two leaf rust resistance genes, Lr10 and Lr21, have been cloned so far (Feuillet et al. 2003; Huang et al. 2003) . Both genes are typical NBS-LRR type resistance genes. Host genetic resistance to leaf rust can be utilized eVectively through proper knowledge of the identity of resistance genes in commonly used wheat cultivars (Kolmer 1996) . A number of leaf rust resistance genes have been transferred from wild relatives to the cultivated forms of wheat with the objective of improving the resistance of existing wheat cultivars. For instance, genes derived from Aegilops species and transferred to common wheat include Lr9 (Sears 1956 ), Lr28 (Riley et al. 1968; McIntosh et al. 1982) , Lr35 (Kerber and Dyck 1990) , and Lr36 (Dvorak 1977; Dvorak and Knott 1980, 1990) . Furthermore, leaf rust resistance genes Lr25 (Driscoll and Sears 1965) , Lr26 (Kattermann 1937 (Kattermann , 1938 , and Lr45 (Mukade et al. 1970) were derived from cultivated rye (Secale cereale). On the other hand, leaf rust resistance genes transferred from Agropyron species include Lr19 (Sharma and Knott 1966; Knott 1968; Dvorak and Knott 1977; Gupta et al. 2006) , Lr24 (Smith et al. 1968; McIntosh et al. 1977) , Lr29 (Sears 1973; , and Lr38 (Wienhues 1966; Friebe et al. 1992 Friebe et al. , 1993 .
From a group of wheat-Agropyron intermedium translocation lines developed by Wienhues (1966 Wienhues ( , 1973 , the A. intermedium chromosome segment 7Ai#2L was found to be present in Wve diVerent translocations all containing Lr38 (Friebe et al. , 1996 . The 7Ai#2L segments in the Wve translocation lines T4, T7, T24, T25, and T33 were independently transferred to wheat chromosomes 3DS, 6DL, 5AS, 1DL, and 2AL, respectively . The sizes of the 7Ai#2L segments in mitotic metaphases of these translocations were 2. 78, 4.19, 4.20, 2.55 , and 2.42 m, respectively . Unfortunately, all Wve translocation lines were reported to exhibit reduced yield . From line T7, Lr38 was introgressed to the long arm of chromosome 6D (6DL) of the wheat cultivar Thatcher by a series of backcrosses and the near-isogenic line RL6097 (Tc*6/T7), containing the gene Lr38, was developed . Due to the low yield associated with the 7Ai#2L segment, Lr38 has so far not been used for the development of leaf rust resistant wheat cultivars. Nonetheless, Lr38, present in RL6097, was found to be resistant to all isolates of P. triticina tested by Dyck and Friebe (1993) . Similar results were obtained in a leaf rust virulence survey made by Mesterházy et al. (2000) covering 12 European countries. In their survey, Lr38 was found to be among the most eVective genes for leaf rust resistance. Other studies conWrmed this Wnding also for Italy, Germany and Russia, indicating the immense potential of the gene for leaf rust resistance breeding in wheat (Pasquini et al. 1998; Kovalenko et al. 2002; Lind and Gultyaeva 2007) . For this reason, the goal of the outlined study was to identify and map DNA markers closely linked to the leaf rust resistance gene Lr38. These markers would ultimately pave the route to reduce the size of the A. intermedium introgression containing Lr38 by identiWcation of recombinations in the vicinity of Lr38.
Materials and methods

Generation of F 2 and F 2:3 generations, segregating for Lr38
A cross was made between the resistant, Lr38-bearing, Thatcher-derived nearly isogenic line RL6097 and the susceptible cultivar Kubsa from Ethiopia. The resulting F 2 population, in the following denoted TKLr38, comprised 94 segregating F 2 individuals and was used to map Lr38 on wheat chromosome arm 6DL using simple sequence repeat (SSR) markers. The harvested seeds of each F 2 plant were bulked to give rise to 94 F 2:3 families used for re-evaluation of leaf rust phenotypes.
Inoculum production
For inoculum production, seedlings of the susceptible wheat cultivar Monopol were grown in a cellophane chamber on a greenhouse bench. When seedlings were 10-15 days old, leaves were harvested and cut into 5-7 cm segments. Leaf segments were placed on 5% water agar (Mebrate and Cooke 2001) containing benzimidazole (35 ppm) and streptomycin sulphate (50 ppm). Leaf segments, placed on water agar, were sparsely inoculated using a moistened cotton swab with spores of the P. triticina isolate DZ7-24 for further multiplication. The inoculated leaf segments were incubated in a growth chamber adjusted to 20°C with continuous white light until usage.
Inoculation of plants and disease scoring
For disease scoring, 75-100 mg spores diluted in 150 ml water of the P. triticina isolate DZ7-24 produced on cultivar Monopol were used to inoculate 2-leaf stage seedlings of the parents RL6097 and Kubsa, the F 2 plants of population TKLr38 and the bulked F 2:3 families. The two parents and the F 2 plants were grown under greenhouse conditions whereas a minimum of 10 F 2:3 plants were grown in a growth chamber. The latter were used to re-conWrm the F 2 disease scores and to distinguish homozygous and heterozygous resistant F 2 plants. The inoculated plants were kept in a moist chamber under dark conditions at ambient temperature for 24 h. The seedlings were then transferred to a growth chamber with 16/ 8 h light/dark regime and a temperature of 20-22°C. Scoring of leaf rust symptoms (infection types) was carried out 10-12 days post inoculation. Infection types were quantiWed based on a standard 0-4 scale (Long and Kolmer 1989) . The scale values can be interpreted as follows '0': immune, ';': hypersensitive Xeck without uredinia, '1': small uredinia surrounded by necrosis, '2': small uredinia surrounded by chlorosis, '3': moderate size uredinia that may be associated with chlorosis, '4': large uredinia without chlorosis. Mixtures of two infection types were represented by two values with the most common value listed Wrst. Designations of '+' and '¡' were used in conjunction with the 0-4 scale to indicate larger and smaller uredinia than normal, respectively. Generally, scores 0-2+ were considered resistant while scores 3-4 were considered susceptible reactions.
DNA isolation
A leaf sample of 100 g, taken when the plantlets started to tiller, was ground with liquid nitrogen. Then the DNeasy Plant Mini Prep Kit (Qiagen, Hilden, Germany) was used to extract DNA.
SSR analysis
Two protocols were applied for SSR analysis. SSRs from set I in Table 1 were labeled with IRD700 and, thus, run on the Li-COR automated fragment analysis system. SSRs from set II in Table 1 were subjected to a silver staining technique because only primer aliquots (not labeled with IRD700) were received from Sourdille et al. (2004) .
SSR analysis on Li-COR system PCR was conducted in a Wnal volume of 20 l containing 5 l of genomic DNA (15 ng/ l), 0.75 l of 2 mM dNTP, 2.0 l 10£ buVer, 0.2 l of 10 M tailed forward primer, 0.2 l of 10 M reverse primer, 0.5 l of 25 mM MgCl 2 , 0.5 l of 1 M M13 forward primer labeled with IRD700, 0.5 l of diluted Taq polymerase (0.5 U/ l, Promega, Mannheim, Germany) in 10.35 l ddH 2 O. The wheat speciWc forward primer was tailed at the 5Ј end with the M13 forward sequence to serve as a template for the IRD700-labeled M13 primer. The reactions were PCR ampliWed in a GeneAmp PCR system 9600 (Perkin Elmer Corp., Norwalk, CT, USA), programmed for the following steps: a 'hot-start' at 94°C for 3 min, 10 cycles of 1 min at 94°C, 0.5 min starting at 64°C and decreasing 0.8°C per cycle, extension for 1 min at 72°C, followed by 30 cycles of denaturation for 1 min at 94°C, annealing for 1 min at 55°C, and Wnal extension for 1 min at 72°C. Subsequently, the IRD700-labeled PCR products were size-separated on 6% polyacrylamide gels with the Li-COR 4200 system (Li-COR Biosciences, Bad Homburg, Germany).
SSR analysis with silver staining technique
The PCR was run in a Wnal volume of 20 l containing 5 l genomic DNA (15 ng/ l), 2.0 l of 2 mM dNTP, 2.0 l of 25 mM MgCl 2 , 2.0 l of 10£ buVer, 0.15 l of the primer pair provided by Dr. Sourdille, 0.5 l of Taq polymerase (5 U/ l, Promega, Mannheim, Germany), and 8.35 l of ddH 2 O. The PCR was basically conducted as described by Pillen et al. (2000) using a GeneAmp PCR system 9600 (Perkin Elmer Corp., Norwalk, CT, USA) programmed with a 'hot-start' at 94°C for 3 min followed by 35 cycles of 1 min at 94°C denaturing at 94°C for 30 s, annealing at 60°C for 0.5 min and extension at 72°C for 1 min. Subsequently, the PCR products were size-separated on 6% polyacrylamide gels and silver stained as explained in Pillen et al. (2000) .
Linkage analysis
Linkage between the Lr38 locus and the SSR markers was calculated using the MAPMAKER software version 3.0 (Lander et al. 1987) . The Kosambi function (Kosambi 1944) was applied to calculate centiMorgan (cM) distances between the SSR markers and the Lr38 locus. The linkage map was plotted using the MAPCHART software version 2.2 (Voorrips 2002) .
Results
In this study, the 94 F 2 plants of the cross RL6097 £ Kubsa and 54 SSR markers were used for mapping the A. intermedium-derived leaf rust resistance gene Lr38 in wheat.
Segregation of resistance to leaf rust
Out of 94 TKLr38 plants, 76 segregated for resistance and the other 18 plants for susceptibility to infection by the isolate DZ7-24 (race FGJTJ) of P. triticina (Table 2) . The observed segregation supported the existence of a monogenic resistance in population TKLr38, segregating 3:1 (resistant to susceptible) with a chisquare P value of 0.190. To ensure the genetic resistance status of F 2 plants and to diVerentiate between homozygous and heterozygous resistant plants, a minimum of 10 F 2:3 plants derived from each F 2 plant was tested again for resistance. In the F 3 families, all plants resistant, a mixture of resistant and susceptible plants, and all plants susceptible indicated a homozygous resistant (RR), a heterozygous resistant (Rr), and a homozygous susceptible (rr) F 2 plant, respectively. The F 3 families segregated 25:51:18 for homozygous resistant, heterozygous (Table 3) .
Linkage analysis
Out of the 54 SSR primers screened, 15 were found to be polymorphic between the two parents RL6097
and Kubsa (Table 3) . Eleven out of 15 polymorphic SSR markers were codominant while the remaining four were dominant markers. Two codominant markers, Xgpw5179 and Xgpw5210, showed distorted segregation ratios with chi-square P values of 0.003 and 0.001, respectively. At both loci, an excess of heterozygotes was observed (Table 3 ). An example of marker segregation in population TKLr38 is given for the codominant marker Xbarc273 in Fig. 1 . The linkage analysis indicated that 12 SSRs could be placed in a map with the resistance gene Lr38 (Fig. 2) . The SSR marker Xwmc773 was found to be the closest proximal marker to Lr38 with 6.1 cM distance followed by Xbarc273, which was 7.9 cM distant from the gene Lr38. Markers Xcfd5 and Xcfd60 were located 22.1 cM distant from Lr38 towards the distal region of chromosome arm 6DL. The order of these markers was in agreement with the chromosome 6D wheat consensus map (Somers et al. 2004 ) and the physical map established by Sourdille et al. (2004) .
Discussion
Our segregation analyses in population TKLr38 conWrmed that the Lr38 leaf rust resistance conferred by the Thatcher-derived NIL, containing an introgression from A. intermedium, is of monogenic dominant inheritance. Lr38 is eVective both at seedling and adult plant stages (Mesterházy et al. 2000) indicating its potential use in wheat breeding programs. The gene Lr38 proved to give eVective protection of wheat against a wide array of virulence in many wheat growing regions of the world Pasquini et al. 1998; Mesterházy et al. 2000; Kovalenko et al. 2002; Lind and Gultyaeva 2007) . Despite its immense potential in leaf rust control, Lr38 is, to our knowledge, currently not used in breeding programs. This is because Lr38 is associated with low yield, most likely due to the large size of the original chromosomal segment transferred to wheat. This limitation demands considerable eVorts in backcross breeding to improve yield of lines possessing Lr38 if the gene is to be used in wheat breeding . Many molecular marker systems have been used to tag resistance genes in wheat, of which SSR markers are PCR-based robust markers that are ready-to-use, userfriendly and amenable for high throughput assays (Khan et al. 2005) . Molecular markers, other than SSRs, need to be sequenced and converted into PCR-based markers for more rapid and reliable use. For instance, the cosegregating RFLP marker Lrk10 was converted into a PCRbased sequence-tagged-site (STS) marker for the gene Lr10 (Schachermayr et al. 1997) and Naik et al. (1998) converted the random ampliWed polymorphic DNA (RAPD) marker OPJ-01 378 into an STS marker for the gene Lr28. Seyfarth et al. (1999) also developed an STS marker for the gene Lr35 through cloning and sequencing of a cosegregating RFLP probe and, currently, Urbanovich et al. (2006) developed and applied DNA marker assays to select leaf rust resistance at nine loci in wheat.
In this study, we mapped the SSR markers Xwmc773 and Xbarc273 proximal and Xcfd5 and Xcfd60 distal to Lr38 on wheat chromosome arm 6DL. The SSR markers Xwmc773, Xcfd5 and Xcfd60 were dominantly inherited in population TKLr38 and linked in repulsion phase with Lr38, i.e. the ampliWed fragments were indicative for the Kubsa allele whereas the A. intermedium-derived marker allele could not be ampliWed by PCR. Thus, heterozygous and homozygous Kubsa genotypes could not be distinguished at these loci. The dominant inheritance of three Lr38-linked SSRs in population TKLr38 suggests that, in these cases, the sequence of the Lr38-bearing introgression from A. intermedium do not match with the T. aestivum-derived SSR primer sequences prohibiting a PCR ampliWcation. On the other hand, the SSR marker Xbarc273 was found to be codominant, allowing the ampliWcation of both parental alleles. Xbarc273 might, thus, be more useful for breeding purposes than the other markers because of its codominant nature and fairly good linkage with the Lr38 locus. If needed, the A. intermedium introgression can be selected with Xbarc273 plus the second Xanking codominant marker Xgpw5179 (Fig. 2) . In future, the use of the Xanking SSR markers will assist in predicting the presence or absence of Lr38 in wheat cultivars and hence can be utilized in marker assisted selection and gene pyramiding eVorts (Ashikari and Matsuoka 2006). However, no close linkage between the tested SSR markers and the Lr38 locus was found so far. We, thus, propose to increase the number of markers mapped in close proximity to Lr38 by a massive screen for polymorphic DNA markers. For this purpose, ampliWed fragment length polymorphism (AFLP) markers (Vos et al. 1995; Faris and Gill 2002; Haen et al. 2004) or the recently 
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developed wheat diversity array technology (DArT) markers (Semagn et al. 2006; Akbari et al. 2006 ) appear very attractive due to the large number of parallel studies which are possible with these techniques.
The use of PCR-based markers for the identiWcation of leaf rust resistance genes can assist to reduce time, eVorts and expenses for backcross breeding and pyramiding of major resistance genes into wheat cultivars (Naik et al. 1998; Gupta et al. 1999; Seyfarth et al. 1999) . For this reason, we believe that the SSR markers linked to Lr38 can facilitate the eVort to reduce the introgression size in future backcrosses. Thus, the yield disadvantages associated with Lr38 might be overcome by means of selecting recombinant plants possessing Lr38 but missing most of the originally introgressed DNA segment from A. intermedium.
